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ABSTRACT

This report des:ribes the development work conducted by the Whittaker
Corporation for construction of helicopter rotor hubs from fibrous
compesite materials. The prototype hubs were designed to be st\tucturally
and functionally cquivalent to the metallic hub used on the Sikorsky
(4i-54B helicopter. The design is based on the principle of filament-
wound tension loops in combination with laminated shear panels. The
report contains a description of the design elements, of the structural
analysis, of the construction methods, and of the experimental evaluation
of rotor hubs subjected to static as well as cyclic loads. Design and
construction problezms are discussed, and the potential of the composite
hub concept is outlined.
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[FOREWORD

Ihis report was prepared by Whittaker Corporation, Research and Develop-
ment Division, San Diego, California, under U, S, Army Contract
DAAJ02-71-C-0032, "Composite Helicopter Rotor Hubs." The contract was
administered by the Eustis Directorate, U. S. Army Air Mobility Research
and Development laboratory, Fort Eustis, Virginia, under the technical
direction of Mr. A. Gustafson.

The report covers the contractual period from March 1971 to November 1972.
Work at Whittaker Corporation was conducted under the direction of

Mr., B. Levenetz, Manager of the Advanced Composites Engineering Department
and Program Manager during the latter period of the program. Earlier
Program Managers were Dr, J. Haener and Mr. A. Price. Other individuals
who contributed significantly to the program were:

Mr. R. Anderson - Structural design and liaison

Mr., A. Thompson - Stress analysis

Dr. K. Berg - Load analysis and experimentaZ evaluation
Mr, J. Hilzinger i Fabrication and quality control

Mr, C. Carlsen - Selection of and coordination with vendors
Mr, D, McHargue - Contract administration

Messrs. F. Campbell and J. Denham were responsible for fabrication and
agsembly of the composite hubs, and Mr. R, Tripp for testing.
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INTRODUCTION

Fiber reinforced plastic composite materials have demonstrated their
potential as materials for structural components of high-performance
aircraft. Parts consisting of high-quality plastics reinforced with glass
fibers, boron fibers, or graphite fibers have been constructed and evalu-
ated under several Government-sponsored contracts. Properly designed

parts made from fibrous composite materials can be highly efficient com-
pared to their counterparts made from isotropic metallic materials. The
directional, anisotropic properties of these composites enable the designer
to adjust strength and stiffness by selecting the optimum fiber orientation
for a specific load condition. This makes it possible to control strength,
stiffness, and fatigue life at a minimum weight. All of the above-listed
fiber materials have very high specific tensile strengths, but they differ
significantly in specific stiffness, as well as cost: the glass fiber has
the lowest modulus compared with boron or high-quality graphite fiber, but
it is presently significantly less expensive than any of the so-called
"advanced fibers'. The processing and handling methods for glass tibers
are also better established and less costly than those for the other two
tvpes of fibers.

Fibrous composites are most efficient in applications where tension is the
predominant structural load. Therefore, pressure vessels, tension members,
or components subjected to high centrifugal forces offer the best potential
for achieving a high structural efficiency. Another advantage is seen in
replacing high-cost, strategic materials such as titanium and in avoiding
expensive tooling and machining operations of geometrically complex metal-
lic components. The helicopter rotor hub is one example where composite
materials could compete successfully with metals. Particularly large hubs,
such as required for heavy-lift helicopters, should result in weight- and
cost-efficient structures. The helicopter hub represents a component which
has to support very high tensile loads due to centrifugal forces and which
in the case of multiple blade rotors has a relatively complex geometry.
Therefore,it is particularly adaptable for application of fibrous composite
materials.

For a meaningful comparison of metallic and nonmetallic composite hubs, it
would be misleading to design a composite hub model which is optimized for
achieving the highest possible material utilization without consideration
of actual operational requirements and system details. Frequently specific
geometrical requirements, cutouts, attachments, or for composite materials,
unfavorable load components influence the design and may reduce the overall
efficiency of composite material utilization. Therefore,the U.S. Army has
selected for this program an operational rotor hub and has requested that
the composite hub be functionally identical to tiie existing metallic hub.
The selected hub is one which is used on the Sikorsky helicopter model
CH-54B. Tts location in the main rotor head assemblv is shown in Figure 1,
and the design of the metallic hub is indicated in Figure 2 (Sikorsky
Drawing No. 65103-11000). The subject development program of the composite
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rotor hub is concentrated on the upper main section of the hub assembly,
which is represented by Sikorsky Part No. 65103-11010-043. The com-
posite hub should be structurally and functionally identical with the
present titanium hub, and interchangeable with respect to i:s attachment
to the rotor shaft, the lower plate (Sikorsky Part No. 65103-11009-103),
and blade hinge assembly (Sikorsky Part No. 65103-11021-043).

The scope of the program was:

e Design and structural analysis of the composite rotor hub by
coordinating design and load requirements with Sikorsky Aircraft.

o Design and construction of tools adequate for fabrication of
prototype hubs,

eOutline of a test plan by which the structural capability of the
rotor hub can be experimentally evaluated.

eDesign and construction of test fixtures.
¢ Fabricatlon of two rotor hub assemblies.

e Static testing of the first hub assembly.
e Cyclic testing of the second hub assembly,
®* Preparation of monthly and final reports.

The program was compieted in accordance with this scope with exception of
the test sequence.



TECHNTCAL DISCUSSION

DESIGN ELEMENTS OF COMPOSITE HUB

Design Approach

The selected helicopter rotor hub carries six rotor blades and has there-
fore six arms which are arranged at 60° spacing around a large central hub
bearing that transmits the engine torque and lift forces to the rotor
shaft. At the outer end of each arm is a bearing for the rotor blade hinge.
The principal loads are acting on this hinge bearing in rhe following
directions: radial (centrifugal) force, vertical (l1ift) force, and tangen-
tial (drag) force. The largest static design load is in the radial direc-
tion. The verticsl static design 1lrad is approximately two-thirds of the
radial load., The drag load 1is app.oximately 14% of the vertical load,

As a result of these load requirements, the design of the rotor hub arm is
basically a cantilevered flexural beam which is also subjected to axial
tension and some torque. The tension is held in equilibrium by ¢#e equal
tension in the opposite arm. Tne vertical shear and bending load is
counteracted by the central drive shaft, The basic design approach is
shown in Figure 3. An exploded view without cover plates is presented in
Figure 4. The detailed stress analysis is presented in Appendix I and the
principal design assembly drawings are contained in Appendix II. The
basic design elements are described in the following:

Loops

The centrifugal forces are resisted by filament-wound, elongated,
symmetrical loops which take the tension loads, for fibrous materials,
in a most advantageous manner. The structural cross section of the
filament-wound unidirectional composite has a constant cross section
of 0.075 inch, The cross section is rectangular but varies from

0.10 x 0.75 inch at the center of the loop to 0.19 x 0,40 inch at the
hinge bearing. This causes the loop thickness to be slightly tapered.
The fiber glass loop (page 227) contains aluminum insert plates in
the center (0.10 inch thick) and at both ends (0.19 inch thick).
Figure 5 shows one tension loop ready for assembly. Thirty-six loops
are required for one hub assembly, or a package of 12 loops for one
double arm (see Figure 4). The three packages are assembled sequen-
tially interspersed at 60° spacing between each package. This

results at the center in a nominal thickness of the interspersed
packages of 0.10 x 36 = 3,60 inches, and at the hinge bearing of only
0.19 x 12 = 2.28 inches, The difference of 1.32 inches at the bearings
i8 compensated for by eleven spacers (page 231), which are pressure
molded from a glass fiber reinforced molding compound. These spacers
have an outer contour identical to the loops, the same size inner
cutout, and a nominal tapered thickness of 0.12 inch at the bearing
and 0.10 inch at the hub center. The molded spacer is shown in
Figures 4 and 6. In addition, other spacers (4676%p.219) are inserted

* Whittaker part nimber listed on assembly drawing, Appendix II.
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with each set of loops to fill corners formed by the crossing loop
(see Figure 6). To compensate for the level variations caused by the
staggered loops at the upper reference surfaces of the hub assembly,
doublers (4707, p. 219) are bonded between the upper loops and the
flanges of the shear boxes (see Figure 6),

Shear Box

The bonded package of loops and spacers is capable of accepting the
full centrifugal tension level, but it is not sufficient to transmit
the full requived bending shear load or any major torsional shear
load. The transfer of the required large shear load is accomplished
by a shear box which is laminated from woven glass fabric with a
fiber orientation approaching optimum for effective shear transfer
(-4, p. 219). The geometry of this shear box is shown in Figures 4
and 7. It is molded to final rshape in a separate molding fixture.
During assembly operations of the hub,it is placed inside the tension
loops and the molded spacers. A reliable shear joZnt between the
loop package and the box is achieved by introduction of shear tapes
(-7, -8, -10, p.219). The tapes,which are cut at 45° fiber orientation,
are bent over the spacer edge and are bonded between the loops and
spacers as well as between the loop package and the shear box. Their
shape is indicated also in Figures 4 and 6.

Cover Plates

The beam box structure is completed by bonding the lower plate
(page 229) and the cover plates (-1, p. 219). tThese plates act as
caps of the beam section, transmitting tension and compressive loads
due to vertical shear, and also supplement the shear box structure
for transmitting torsional loads. The lower plate is designed as
a six-pronged star with a composed fiber orientation which is selected
to transmit axial as well as shear loads (see Figute 8). It is bonded
“o the lower surface of the shear box, to the ring area around the hub
enter bearing, and to a portion of the loop area around the bhlade
ringe bearings. To compensate for the difference in loop package
thickness and shear box height at the hub shaft bearing, six spacers
(4677,p.219) are provided which are bonded to the lower plate and the
lower loop surfaces (see Figure 6). The six separate cover plates,
as shown also in Figure 8, at the upper surface of the hub are
designed to transmit axial and shear loads as well. They arec bonded
to the flanges of the shear boxes and to the upper surfaces around
the bearings. The upper and lower plates are mechanically joined
together with the loop package by mounting bolts at the hub main
bearing and by tie bolts at the hinge bearing. This is done for
additional reliability to prevent development of peel forces when the
hub arms are subjected to large bending loads due to maximum lift
forces,



Figure

Figure 8.

Shear Box.

Cover Plates.

10




Bushings

The torque and the 1ift forces are transmitted through a central hub
unit (page 225)., Due to requirements for interchangeability with the
present titanium hub, this part 1is designed such that it is identical
with respect to principal attachments and fit to the main shaft. It
is intended to be machined from titanium; however, for the prototype
hubs, steel has been used for the purpose of cost reduction. The
bonded composite subassembly of the rotor hub is connected with the
central hub unit by means of 18 tension bolts which transfer the lift
forces from the blades to a flange of the hub bushing, The lift loads
are introduced into the bolts over an aluminum ring (4678, p. 219).
In this manner the laminated metallic center of the composite hub
structure 1s compressed between a metallic ring and a metallic flange
of the shaft bushing. The torque is transmitted by six square keys
which grip into matching slots machined in the aluminum sheets of the
loop package and in the hub bushing. The components of the central
shaft bushing are shown in Figure 9,

The rotor blade hinge pin is supported in the composite hub by a lug
insert (4672, p. 219), The inside and the flange dimensions of this
bushing are identical to the equivalent dimensions of the present
titanium lug and accept the same roller bearings and other clements
of the bearing assembly as utilized In the titanium hub, The insert
bushing 1s made of steel and is bonded into the lug of the composite
hub arm. To compensate for level variations, aluminum spacers
(4680, p. 219) are inserted between the bushing flange and the lower
loops. An aluminum lug ring (4679, p. 219) is bonded to the surface
of the upper loop and to the lug insert. The position of these
bushings in the upper hub assembly is critical with respect to the
lower hub plate (Sikorsky Drawing No. 65103-11009-103). The elements
of the lug insert assembly are presented in Figure 10.

Composite Hub Assembly

The above-described nonmetallic and metallic components are adhesively
bonded together to form the rotor hub subassembly in the shape of a six-
pointed star as shown in Figure 11, This subassembly is bolted to the
central hub bushing to form the rotor hub assembly specified by WRD
Drawing 4670, sheets 1, 2, and 3 (see Figure 56), making it equivalent
to the Sikorsky upper hub, Drawing 65103-11010-043 (see Figure 2). The
assembled composite hub is shown in Figure 12,

11
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DESICN ANALYSIS

Design loads

The composite material helicopter rotor hub is designed for both static
and fatigue loading conditions. Static loading conditions were obtaipoi
from Sikorsky Aircraft Report No. SER-64514, "Main Rotor Head Loads".! 1
The fatigue loading condition was established through consultation with
Sikorsky Aircraft engineering personnel.

‘The load designations are shown in Figure 13, with the load application
point at the rotor blade hinge. The distribution of the horizontal loads
to the upper hub arm and the lower hub plate depends on the position of
the roller bearings in the lug iusert (D/N 4672). Earlier design analysis
was based on the bearing position, as applies to the Sikorsky hub drawing
no. 65103-11301-101. This position resulted in eccentricity of the cen-
trifugal force with reference to the location of the neutral axis of the
composite hub arm. This version of the hub included also a hoisting hole
through the arm, which presented severe design difficulties since its
position interfered with the continuous glass fibers of the tension loops.
In coordination with Sikorsky,it was possible to improve the design by
reducing the bending moment of the centrifugal forces. The design of the
composite hub was revised, permitting the upper conical roller bearing to
take the vertical load, as applies to an alternate Sikorsky hub drawing
no. 65103-11001-102, Also, the requirement for the hoisting hole was
dropped, which greatly simplified the composite design. As a result of
these modifications, the composite hub design is now similar to the
metallic hub assembly as identified by Sikorsky drawing no. 65103-11000-037,

Static Loads

Two load conditions were selected from the Sikorsky Aircraft Report
No. SER-64514, page 13: (1

Condition TW7Fl - Symmetrical Dive and Pullout (power on)
Condition TW7F2 - Sym.etrical Dive and Pullout (autorotation)

The limit loads for these conditions are summarized in Table I. When
establishing the total radial load on the hub arms, the centrifugal
force T, was increased by the reaction load of the moment M. .
This moment is counterbalanced by a damper which is located at a dis-
tance of 9.412 inches parallel to the rotor arm center line. The
static design ultimate loads for the composite hub were calculated
considering the location of the upper roller bearing and the usual
ultimate design factor of 1.5. These design static loads are listed
in Table II.

14
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TABLE I. MAIN ROTOR HEAD LIMIT LOADS
Flight Condition TW7F1 TW7F2

FWD Speed, mph 161 161
Main Rotor, rpm 204 215
Main Rotor, hp 7350 -
Rotor Torque Qy, in.-1b 2,271,490 -
Head Moment, in.-1b 1,313,500 1,500,873
Tor 1b 99,000 110,000
Ve, 1b 15,775 -
Vy max., lb 34,300 36,560
Me» in.-1b 74,400 72,000
M,, in.-1b -
T. (Mc), in. 7,905 7,650
T, total, in. 106,905 117,650

TABLE II.

STATIC DESIGN ULTIMATE LOADS
FOR COMPOSITE HUB

Flight Condition TWIF] TWIF2
Te, 1b  (radial) 75,116 82,665
Ve, 1b (tangential) 7,389 -
Vhp» b (vertical) 51,450 54,840
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Fatigue Loads

Two fatigue load conditions were considered: one based on a steady-
state cruise condition, the other on the ground-air-ground condition.

For the steady-state cruise condition, the basic centrifugal force is
83,000 1b limit at 185 rpm. Each blade flaps from -4° to +12° during
each rotor revolution. The mean lag angle is 10°. The steady-state
in-plane moment is

Mc 36,000 in.~-1b limit

steady
Coriolis accelerations due to blade flapping produce a cyclic 2° lag
angle, which in turn produces an in-plane cyclic moment.

Mc = + 36,000 in.-1b limit
cyclic

Therefore,the total moment is

Mc = 36,000 * 36,000 in.-1b limit
total
The cyclic loads are assumed to act in phase and to produce one cycle
for each rotor revolutipn, The fatigue design of the hub structure
was analyzed for 1 x 10 cycles. This cruise condition is also called
a low stress/high cycle fatigue loading condition.

For the ground-air-ground condition, the loads were based on the TW7F2
condition (see Table I). These loads are acting on the hub every time
the helicopter 1ifts from the ground for an estimated total of 1 x 10
cycles. This ground-air-ground condition is also called high stress/
low cycle fatigue loading condition,

The blade hinge loads generated by these two fatigue conditions were
related to the upper hub lug under consideration of the location of
the roller bearing and the damper. For these fatigue load conditions,
the design loads are equal to the limit loads. Their numerical values
are summarized in Table III.

TABLE III, FATIGUE DESICGN 1.0OADS FOR COMPOSITE HUB

Flight Condition Cruise GAG
Tes 1b (radial) 43,300 27,560 ' 27,560
Vs 1b (vertical) 5,740 ' 11,520 18,280 ' 18,280

Number of Cycles 1,000,000 10,000
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Static Stress Analysis

For veriiication of the structural integrity of the composite rotor hub,
two cross sections of the hub arm were analyzed for shear, bending, and
axial loads. One section (A-A) is located at 10,9 inches; the other (B-B),
at 19.9 inches from the center of the hub. The tension loops which take
the radial forces were analyzed for tangential and radial stresses by the
methods developed in USAAVLABS Technical Report 69-25. [2) The allowable
design stresses were determined as follows:

e Woven Glass Fiber Laminates - The allowable design stresses
for Type 1581 and 1543 E-glass/epoxy laminates were obtained
from MIL-1DBK-17. [3] These allowable stresses were multiplied
by a factor of 0.9 to account for possible strength reduction
at elevated temperatures of 160°F.

® Unidirectional Glass Fiber Laminates - Allowable stresses
at 160°F for filament wound S-glass roviag and Type 1009-26
S-glass unidirectional laminstes were taken from strength data
published by the supplier.

® Material properties of the sheet molding compound ''Structoform
S-6300", which is used for the nonstructural spacers, were
taken from the supplier's specification sheets. 51

o Adhesive bond allowable shear stress was based on WRD test data.

o Design allowables of metallic materials were based on
MIL-HDBK-5 (6] data.

® Allowables for bearing loads were taken from Timken Engineering
Journal.

The properties of composite sections consisting of laminates made from
different types of fiber material, such as combinations of unidirectional
tape with Woven fabric, were determined analytically, utilizing the
established procedures of composite material structural mechanics. The
properties of composite hub sections such as A-A or B-B were also deter-
mined by considering the different stiffness moduli of the section
elements as well as the interaction of normal and shear stresses. It can
be said generally that the fibrous composite material is shear critical
due to limited shear allowables of the organic resin. This deficiency
was overcome by fiber orientations such as * 45° and combinations of this
orientation with 0° orientation. However, the structure remains shear
critical even after positive margins of safety have been achieved for all
investigated locations and load conditions. The margins of safety as
calculated by

Ultimate Stress

WS s Applied Stress £ B

are summarized in Table IV. It shows that the smallest margins of safety
are for shear in the upper plate (due to drag loads) and the highest for
tension in the loops (due to centrifugal forces).
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TABLE 1V, MINIMUM MARGINS OF SAFETY
Load Type of Appendix I
Location Item Condition Stress M.S. Sheet No.

Section A-A lower TW 7F2 Tensile +0.46 120
Plate

Section A-A  Upper ™ 7F2 Compression +0.87 121
Plate Buckling

Section A-A Web @ TW 7F2 Shear +0.18 17
N.A.

Section A-A  Upper ™ 7F2 Shear +0.21 122
Plate

Section A-A Lower TW 7F2 Shear +0.11 24
Plate

Section A-A  Upper TW 7F1 Shear +0.024 39
Plate

Section B-B  Lower W 7F2 Tensile +1.16 126
Plate

Section B-B  Upper TW 7F2 Compression +40.10 51
Plate Buckling

Section B-B Web @ TW 7F2 Shear +0.68 128
N.A.

Section B-B  Upper ™ ?FZ Shear +0,09 59
Plate

Lug Upper TW 7F2 Combined +0.65 65
Strap Tangential

and Radial

|1
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The stress analysis of the composite hub structure is presented in
Apperdtx I, It includes evaluations of the earlier design of the hub and
its components and of the subsequent design revisions that led to the
configuration as built and tested. The M.S. values and respective
Appendix I sheet numbers listed in Table IV refer to the latest design.

Fatigue Stress Analysis

It is always more difficult to get reliable fatigue allowables than static
allowables, and the theoretical prediction is less reliable., This is
primarily due to the fact that the fatigue failure mechanism of composite
materials is more complex and presently less understood than the failure
criteria at ultimate static loads. The prediction is further complicated
if laminates with combinations of different fibers (straight and woven)
and different orientations (0° and 45° to the load direction) have to be
analyw,

Whittaker's approach to the analysis of the fatigue performance of the
composite rotor hub was the development of workable diagrams based on
reported reliable fatigue data on the basic fiber materials. Since the
principal structural laminates are constructed from unidirectional tapes
and woven fabrics, working diagrams for these materials were developed
analytically. They were based on constant life fatigue diagrams for
selected conditions, as published in the following reports:

® AFML Technical Report No. TR-64-403 (8J
Unidirectional S-glass/epoxy laminates loaded parallel
to the fiber.

\ Forest Products Laboratocry Report No. 1823-B, Figure 43, (9
Unidirectional S-glass/epoxy laminates loaded perpendicular
to the fiber.

® WADC Technical Report No. TR-55-389 ( 10]

Woven 1581 E-glass/epoxy laminates loaded parallel to the
warp fiber. The equivalent diagram for shear loads at 45°
to the warp was estimated from the same data.

e USAAVLABS Technical Report 69-9 L 11]

Woven 1543 E-glass/epoxy crossply laminate loaded in shear
at + 45° to warp direction.

Workisy, Goodman diagrams were produced from the constant life fatigue
diagrams. Using appropriate stress ratios (R), S/N diagrams were then
constructed and time to failure initiation was calculated. These diagrams
are shown in Appendix I.
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The results of the fatigue analysis show that the failure intiation times
for tension loops are much greater than for shear panels; however, slight
increases in the allowable stress levels would result in very large in-
creases in failure initiation times.

Weight Analysis

The estimated and the measured weights of all components which go into the
helicopter hub assembly and also the total weight of the composite hub are
summarized in Table V. Generally, the discrepancies between the estimated
and the actually measured weights are minor. The total estimated weight

of a hub with a titanium center 1s 419 1b; the actual weight of hub no., 1
with a steel center is 512 1lb, which would be reduced by 100 1b t» 412 1b
with a titanium center. In comparison with the present titanium roduction
hub, this weight is disappointingly high., Therefore,an analysis w.s per-
formed of a possible weight reduction and of the influence which (ertain
component groups have on the total weight.

The composite hub design was, of course, prepared considering minimum
weight requirements, but for reasons of cost savings the weight was not
fully minimized. Therefore, further weight reduction is possible, not only
by using titanium for the hub center (already reflected in the above weight
figures) but also by a more weight-conscious design. We believe thet it is
possible to reduce the weight of the hub center, of the filament loops, of
some spacers, and of the shear boxes. This weight reduction would be in
the order of 59 1b. Reduction of the outer diameter of the metallic center
hub would reduce the width of the loops and could result in a weight
savings of 35 1b. A composite hub thus optimized would weigh

412 - 59 - 35 = 318 1b,

The use of orthotropic materials in the design of the six-pointed star
makes a number of components unavoidable which do not directly contribute
to the structural performance of the assembly, Such components are

bearing inserts, various spacers, fasteners, and adhesive materials, which
amount to approximately 82 1b "nonstructural" weight of the prototype hubs,
Withour those items, the pure structural weight of the composite hub would
be epproximately 236 1b.

The principal structural deficiency of fibrous composite materials is their
relatively low shear strength and shear stiffness. This requires ircorpora-
tion of laminates with * 45° fiber orientation to the load direction,

which improves the shear properties considerably but does not contribute
much for other load directions. The composite hub includes such additional
elemnents in the form of shear boxes and shear plates, which amount now to
55 ib and would be approximately 51 1b for the optimized destgn.

As a result of this analysis, the fact should be accepted that the tension
loops are very weight effective, but due to other material deficiencies
the present design of the composite hub, even if optimized, will still
weigh approximately 318 lb, or 387 more than the solid-titanium hub
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supplied to WRD. It appears,therefore,that a justification for utilization
of nonmetallic composite materials as direct replacement for a titanium
helicopter hub of the selected configuration should be sought not on the
basis of weight only but on other parameters, such as ballistic survivabil-
ity, low crack propagation, or production cost.

On the other hand, the fibrous composites could be much more weight effi-
ciently utilized if the hub could be designed strictly for best use of
composite material potential, so that the vertical load would also be
resisted by members made from essentially unidirectional material. This
would mean not just a functional replacement of an existing metal hub, but
a2 new original design of the rotor hub system with composite materials.
This optimized composite design concept would lend itself particularly to
very large rotor hubs, for which a titanium forging would be impractical
and much too expensive.

CONSTRUCTION OF COMPOSITE HUB

Fabrication of Hub Elements

In the following paragraphs the fabrication of those composite hub ele-
ments which are of major importance for the structure and which involve
specialized fabrication methods will be described. The metallic parts of
the assembly are considered conventional, and a description of their
machining is not warranted. However, fabrication of the following hub
elements will be discussed in some detail:

Filament-Wound Loops
Molded Spacers
Laminated Shear Boxes
Laminated Shear Tapes
Laminated Cover Plates

In addition, the adhesive bonding operations of the hub subassembly and
the final hub assembly shall be reported.

To facilitate definition of the parts in the discussion, the 4600 serial

numbers are added which refer to Whittaker drawing numbers of the respec-
tive parts. Copies of the actual drawings are presented in Appendix II.

Filament-Wound Loops (D/N 4673)

The tension loops are fabricated by winding a preimpregnated fiber
glass roving over a flat shape which has the geometry of the internal
loop outline. This shape is controlled by the aluminum inserts 4673-1
and 4673-2. The tension loops were wound with 20-end S-glass roving
preimpregnated with a 21.8 ¥/o content epoxy resin. Winding was per-
formed in a special tool (D/N 4687) which controls the thickness of
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the filament-wound section, It consisted of two heavy platens which
were bolted together after the aluminum inserts were placed inside

the platens over locating centers. This fixture is shown in Figure 14.
A number of the initially wound loops, which were produced in the
winding fixture as delivered by the subcontractor, were not of con-
sistent quality. To achieve more reliable results, several improve-
ments of the winding fixture, as well as of the winding and curing
processes, were made, which resulted in loop assemblies of uniform

and reproducible good quality, Per request of the Project Officer,
each loop contained one continuous 12-end lead glass roving.

Molded Spacers (D/N 4675)

The spacers were molded in a form tool (D/N 4686) from a low-cost
sheet molding compound which consisted of chopped glass fibers and 2
polyester resin. This material flows under heat and high pressure aud
fills the mold in all details. The sheet was precut to the approxi-
mate shape of the spacer sectiong by means of steel rule cutting dies.
The mold and the cutting dies are shown in Figure 15.

Laminated Shear Boxes (D/N 4670-4)

The material used for the shear boxes of the prototype hubs was style
1543 epoxy resin impregnated E-glass fabric. The initial design
called for a unidirectional glass fiber tape; however, its high cost
seemed to be unjustifiable for the prototype hubs. The glass fabric
plies were cut at 45° to the warp orientation according to a developed
pattern and laid up in a female wold (D/N 4708), which is shown in
Figure 16. They were placed alternately, changing the warp direction
from plus to minus 45° to the symmetry axis of the shear box. The
material was very drapable in the prepreg form and could be easily
shaped to conform with the mold contours. To achieve high density,
the laminate was precompacted as the thickness was built up, After
autoclave cure, the boxes were machined according to the final flange
contours.

lLaminated Shear Tapes (D/N 4670-7, -8, -10)

The shear tapes were prepared from a unidirectional glass fiber tape.
Tape plies were cross-laminated to form a tape with * 45° fiber
orientation to the longitudinal axis. The contour was then stamped
out by means J>f steel rule cutting dies, as shown in Figure 17. The
shape of the shear tapes was bent to match the tension loop and shear
box contours during the actual hub assembly operations.

Laminated Cover Plates (D/N 4670-1 and 4674)

The top and bottom cover plates consisted of style 1581 epoxy resin
impregnated E-glass fabric and unidirectional epoxy resin impregnated
S-glass tape. The tapes were used essentially for transmitting axial
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Figure 14. Winding Fixture.

Figure 15. Spacer Mold and Cutting Dies.
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Figure 16.

Mold for Shear Boxes.

Figure 17.

Shear Tape Cutting Dies.
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loads.

served for transmitting shear loads,

The fabric, which 1s placed at + 45° to the symmetry axis,
The design of the plates pre-

scribes a variety of shapes and lengths of the interspersed plies,
Therefore, it was necessary to develop the laminating sequence with
paper templates and to follow exactly the required layup by numbering

the templates and material

pleces.

After completion of the layup,

the plies were held together and in place by application of a vacuum

bag and were then cured in an autoclave.

After cure, pockets with

smaller thickness were filled with 1581 type prepreg and cured, and

the contour of the plates was ground.
laid up on flat tool plates with taped-on contour strips,

The rover plates (4670-1) were

The lower

plate (4674) was laid up on the base plate of the main assembly

fixture with taped-on contour strips.,

To achieve the required

inclination of the arm sections, metallic wedges were placed on the

base plate (D/N 4706).
fixture {n Figure 18,

Hub Assembly

Bonded Hub Subassembly (Ref:

D/N 4670)

The lower panel is shown on the laminating

The bonded subassembly of the composite hub is the principal assembly

of all components made mainly from fibrous nonmetallic materials.

The

assembly is achieved by adhesive bonding of the following elements of
the hub structure, which are listed in appropriate sequence of their
incorporation into the assembly,

Step 1: 6
16

36

66

144

12

Step 2: 6
6
1
Step 3: 6
6
6

The adhesive used for this
prevent excessive flow and

Part Name

Shear Boxes (GRP)
Spacers (GRP)
Loops (GRP)
Spacers (GRP)
Shear Tapes (GRP)
Spacers (aluminum)

Spacers (aluminum)
Spacers (aluminum)
Lower Plate (GRP)

Covers (GRP)
Lug Insgerts (steel)
Lug Rings (aluminum)

Drawing No.

(4670-4)

(4707)

(4673)

(4675)

(4670-7, -8, -10)
(4676)

(4680)
4677)
(4674)

(4670-1)
(4672)
(4679)

assembly was prepared so that it would

achieve gap filling properties.

It con-

sisted of Shell Epon 828/NMA/BDMA resin system with an addition of

12 1/2% Cabosil,
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Figure 28.

lower Plate Laminating Fixture.
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The assembly was performed on the assembly fixture (D/N 4706); however,
the wedges used for molding the lower cover were removed. The upper
edge of the hub assembly was the reference plane, and the hub was
assembled in the upside-down position, with the flanges of the shear
boxes placed on the fixture base plate first. The location of the
loops and molded spacers was controlled by a short cylinder in the
center and by six pins located at 60° spacing. These pins were de-
signed to locate the hub arms exactly angularly but to provide some
movement radially so that any possible change in radius at the ele-
vated curing temperature could be observed. It should be noted that
all components were prefit in the fixture and then sand-blasted to
provide a reliable bonding surface. They were then installed, keeping
the same sequence, and the adhesive was brushed on their surfaces as
required.

During the Step 1 assembly operation, loops and spacers were mechani-
cally compacted, and their proper dimensional location from the base
plate was continually measured and, if necessary, corrected. Figure 19
shows the bonded subassembly after completion of Step 1. A vacuum bag
was then applied and the whole part cured in the autoclave, as shown
in Figure 20. After completion of the cure, excessive resin was
chipped off and the loop package surface slightly ground to remove
excessively protruding shear tape edges.

In Step 2 bonding, the thick aluminum spacers and the lug face spacers
were fitted and the lower plate was bonded. This was also done in the
autoclave. After this step,the hub subassembly was ready for machining.

The center hub diameter was bored and the lower hub center was spot
faced on a horizontal lathe. The holes for the lug inserts and the
spot face for the insert flanges were then machined on a radial boring
machine. The key grooves in the hub center and the bolt holes were
also provided. The hub assembly in this condition is shown in

Figure 11.

Step 3 included adhesive bonding of the cover plates and the lug
insert bushings, and installing of the lug tie bolts. ‘The location of
the bushings is critical for aligmment with the lower hub plate (sec
Figure 2). A close tolerance location of the bearing inserts can be
achieved only with a precision bending fixture or by utilization of
hub components which would guarantee an alignment with the lower i
plate. Since neither was available, the prototvpe inserts (/N 4671

were located by the lower lug surface and bv their centering in the
lug bore.

The Step 3 bonds were made with a room-temperature-cur d epoRy
adhesive.
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Figure
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20.

Bonded Subassembly.

Autoclave Curing of
the Composite Hub.
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Final Hub Assembly (D/N 4670)

The final hub assembly was accomplished by inserting the metal hub
(D/N 4671) into the keyways of the composite hub subassembly. The
connection was provided by bolts which compressed the composite hub
subassembly between the ring (D/N 4678) and the flange of the metallic
hub center. A uniform torque of 90 ft-1b was applied to these bolts.
The fully assembled composite hub is shown in Figure 12.

Quality Control

All materials and components were subjected to quality control. All
vendors were required to provide certifications of compliance including
data and drawings. The manufacturing process for the components and the
assembly oYerations were checked for concurrence with job travelers and
design drawings. The following are the QC tests conducted on preimpreg-
nated fiber glass materials:

® 20-End Glass Roving

Solids Volatiles Flow

Specification, % 19 ¢+ 3 3 max
Vendor average lot test, 7 21.80 2.05
WRD average roll test, 7 21.00 2.20 10.380

Of the rolls tested, one was rejected due to insufficient
flow. Gel time tests at 200°F were conducted on all rolls
to determine the best curing temperature cycle.

® (lass Fabric Prepreg Types 1543 and 1581

Solids Volatiles Flow
Specification, 7% 41 + 3 1.5 max 12 - 27
Tested, average, % 41.5 0.18 19

For process optimization, the gel time of 1581 material was
determined for 150°F, 200°F, and 250°F and resulted in 150,
65, and 6 minutes, respectively. For 1543 prepreg, the gel
time at 200°F was shorter dand meisured between 11 and 16
minutes. The curing cycle was udjusted accordingly. This
prepreg was not used in combination with any other matecrial.
Therefore, the difference in gel time was acceptable.

¢ Unidirectional Glass Fiber Tape

The specified resin content was 25 ' 37 by weight,and the
gel time was 6 minutes averape at 300°F., This was confirmed
by WRD QC tests.
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All manufactured detail parts were inspected for dimensional accuracy,
general appearance, uniformity, and presence of any delaminstion and other
anomalies. Special attention was given to the structurallv important com-
ponents such as tension loops, shear boxes, and cover plates. As reported
previously, a number of initially produced tension loops were rejected,
which resulted in modification of the winding tool and the curing process.
Coupons were cut from shear box and cover plate laminates and inspected
for density and resin content. The metallic components made by subcon-
tractors were inspected by dimensional check and by vendor material con-
formance certification.

During the assembly operation,dimensional checks were carried out to con-
trol the thickness and uniformity of the laminated loop package. In cases
ot ¥ screpancy, corrections were made by locally adding thickness compensat-
ing plies of 1581 type prepreg. Fortunately, a reduction of thickness was
not necessary because the actual adhesive thickness turned out to be some-
what under the adhesive thickness assumed in the design drawing.

Records were kept of all inspection steps performed.

looling

For the fabrication of the prototype composite hubs, the following tools
and fixtures were utilized:

Tool Name For Part Number Tool lumber
2 Winding Molds and 4673 3027-1601
Accessory
1 Molding Die 4675 -1602
1 Steel Rule Die 4675 -1603
1 Steel Rule Die 4675 -1604
1 Steel Rule Die 4670-8 -1605
1 Steel Rule Die 4670-7 -1606
1 Assembly Fixture and 4670, 4674 -1607
Accessory
2 Molds 4670-4 -1608
1 Holding Fixture 4671 -1609A
1 Test Fixture 4670 -16098
1 Cutter 4671 -1610
2 Steel Rule Dies 4670-10 -1611
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EXPERIMENTAL EVALUATION

Material Properties

Loop Tensile Tests (S-Glass with WS 1028 Resin)

The principal design element for the composite hub is the tension loop.
Therefore, tests were conducted for determination of loop failure loads,
The test specimen configuration is shown in Figure 21. It was wound
with the material and cured by a process which was selected for the

hub tension loop.

Three specimens were tested to faillure at room temperature, The ulti-
mate loads were between 11,000 and 11,500 1b, which resulted in an
average stress level of 202,000 psi. To compensate for 160°F tempera-
ture, this value has been reduced by 107, resulting in 180,000 psi
ultimate stress used for the stress analysis (see Appendix I[).

Molding Compound Shear Tests

Shear tests were conducted on the molding material used for the loop
spacers. During the early design period, this material was to be a
bulk molding compound, EM 7302 by U.S. Polymeric. The following
average room-iemperature data were obtained:

Interlaminar Shear

0.074 to 0.083 inch thick specimens
0.179 to 0.183 inch thick specimens

4,260 psi
2,380 psi

Shear Modulus

0.811 x 100 psi
1.015 x 10° psi

0.076 to 0.084 inch thick specimens
0.192 to 0.205 inch thick specimens

Based on structural considerations, it was later found that a less stiff
material would be more desirable for the nolded spacers. Therefore, the
EM 7302 compound was replaced by the 'Structoform" sheet molding com-
pound by Fiberite Corporation. Tests on the compound no. S-6413 re-
sulted in the following values:

Interlaminar Shear - 4,700 psi
Shear Modulus - 0.773 x 10 psi

With lower modulus and higher shear strength, this materia\ o ffered an
improvement for this particular application. The final material
selected was the Structoform S-6300, which had identical structural
properties; however, it required a somewhat lower molding pressure and
was avallable at a lower price than S-6413. It should be noted that
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data are available on the S-6413 sheet molding compound, which were
generated by Whittaker under U.S. Alr Force Contract F33615-70-C-1636,
"Low Coat, Fiber Glass Reinforced Plastic Fuel Tenk,” and which in-
cluded totigue tests conducted by the Forest Products Laboratory in
July 1971.

Adhesive Shear Tests (Hysol EA 934)

The adhesive shear strength was determined by a special specimen
representing the shear interface between the upper and lower cover
plates, and the shear boxes. It was constructed from aluminum in the
form of an I-beam and was tested in bending over a 7.5-inch span
(see Figure 22). Of the three tested specimens, the representative
bending failure load, P = 8,280 1b, was selected as base for shear
stress analysis.

The shear stress at failure was analyzed from the known relationship:

e - PQ
s 21Ib
where Q = moment of the beam cap
I = moment of inertia of the I-beam
b = web width

Based on measured I-beam dimensions,

£ 0.783 P

S

0

0.783 - 8280

6983 psi
An ultimate shear stress of 6,500 psi was selected for design analysis.

Process Evaluations

In order to determine the best process parameters, such as temperature,
time, pressure, and pot life, a number of fabrication-related material
tests were made. These process evaluation tests were conducted to opti-
mize the adhesive bonding, to esteblish the best curing schedule for co-
curing of different types of prepreg materials, and to develop a reliable
process for laminating the relatively thick wall of the shear boxes.

° Bonding tests were conducted to evaluate the adhesive for its
ability to be applied by brush over a working period of at
least three days, which was felt necessary for the duration of the
final hub assembly, to determine the compatibility of the adhesive
with the P-251S prepreg, and to assure good performance at curing
temperatures not exceeding 300°F,
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Two variations of the Shell Epon 828 adhesive were compared with
Hysol EA 934 adhesive with respect to their brush coat life
capability:

Adhesive Temperature Brush Coat Life
828/NMA/BDMA RT 6 - 7 days
(100/90/ 1 ) +250°F 15 - 20 minutes
828/NMA/BDMA RT 5 days
(100/90/ 2 ) +250°F 15 - 20 minutes

934 RT 120 minutes

The 828 formulation with 2 parts of BDMA per 100 parts of resin was
selected. It had a gel time of 25 minutes at 250°F,

Evaluation of adhesion quality of the selected 828 (ormulation to
different materials was conducted with simulated hub material
interface conditions, with faying surfaces degreased and lightly
sanded., The specimen was a multilayer sandwich reprasenting the
tensile loop package. It consisted of eight materials cut to
0.5-inch by 2-inch plates and bonded with the 828 adhesive. Ih.
sequence of the individual sandwich material layers was as tollows:

Aluminum (loop inserts)

Aluminum (loop inserts)

S$6300 (spacers), cured

P-251S (shear tapes), uncured

E787 (loops), cured

S$6300 (spacers), cured

P-251S (shear tapes), uncured

E787 (loops), cured
This specimen was cured for 2 hours at 300°F ana .0 psi pressurc.
After cure, it was cut in half and the different bond lines were
examined by microscope. The inspection resulted in the conclu-

sion that the selected 828 adhesive had good and uniform flow and
was void free.

The design of plates D/N 4670-1 and 4674 calls for lamination of

two different prepreg materials: the vacuum bag, 250°F cured

Narmco 587/1581 fabric with the 100 psi, 350°F cured 3M P-251S tape.
Two rpecimens were cured in the autoclave at somewhat different

cure cycles. The specimens were 4-inch by 4-inch laminates consist-
ing of 9 plies of 1581 fabric and 20 plies of P-251S tape, which
were representative for the lower plate laminate (D/N 4674-1).
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The cure cycles and the results were:

Laminates No.

1 2

Preheat temprrature, °F 200 200
Minutes to reach 50 psi piessure 65 45
Temperature at 50 psi, °F 275 200
Minutes to reach 90 psi pressure 25 15
Temperature at 90 psi, °F 300 300
Dwell at 350°F, hours 4 4

Both laminates had a good appearance; however, the first was
slightly thicker due to less compaction of the upper plies. The
second laminate was more uniform and denser and indicated that an
earlier application of pressure was beneficial., Therefore,the
second process was selected for part lamination.

The laminate of the shear boxes is relatively thick (approximately
0.5 inch), and the layup is done by hand in a deep female mold.

In order to guarantee a high-quality laminate, an evaluation of dif-
ferent layup methods was conducted.

First, a 4-inch by 4-inch, 50-ply laminate was prepared and cured
at 50 psi without any compaction prior to curing pressure applica-
tion, It resulted in a relatively thick laminate with 9.6 mils
per ply thickness, a specific gravity of 1.917 g/ccm, and a resin
content of 32.97% by weight.

Another laminate sample was prepared in the actual shear box mold
using a theoretically developed layup pattern. This laminate had
only 5 plies. It was cured in a vacuum bag at 50 »si autoclave
pressure. The compaction was good and resulted in 8.7 mils per

ply thickness; however, it indicated a need for pattern adjustment.

After this, the first prototype shear box was laminated with a
modified pattern. The plies were precompacted, five at one time,
at 50 psi, in a vacuum bag with a single outlet. All 50 plies
were cured simultaneously. The specific gravity of coupons cut
from this box laminate was 1.911 g/ccm. These tests led to the
conclusion that the thick box laminate should be compacted and
cured in steps. Consequently, the shear boxes were precompacted
and stage cured at 50 psi after layup of 15, 35, and 55 laminates.
Also, a dual vacuum outlet was used. This resulted in a dense
laminate with specific gravity of 2.00 g/ccm.
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Testing of Prototype Hubs

In order to demonstrate basic structural integrity, static and fatigue
loads were applied to the hub. Since the hub is made symmetrically with
six identical arms, the test program was conducted on only one pair of
diametrically opposite arms. As the centrifugal force component of the
rotor blade balances itself across these arms, and the lift force at the
arm tip bearing is reacted by the center hub, it is necessary to support
the rotor hub by the center hub hearing only, The loads that are applied
through the arm tip bearing completely stress the hub in a manner similar
to that experienced during actual helicopter operation.

The only exception to simulating the testing of the total rotor hub
through the use of only one pair of arms is the loading on the center hub
spline, for which simultaneous six-point loading of the hub arms would
provide a more exact load stress distribution. However, since the center
spline of the hub 1s basically identical to the existing metal hub, no
lack of pertinent data was expected to result.

The test plan did not include the chordwise (torque) loading of the rotor
hub arms. There were two reasons for not considering this additional
load vector. One was that this load does not exist in the most critical
condition, which is the symmetrical dive and pullout condition of auto-
rotation, reported in the section on design loads (p. 14) as condition
TW7F2. Second, no portion of the structure appears to be critical based
on the chordwise load vector.

The prototype hubs were tested in a specially constructed [ixture

(D/N 4747, 4748, 4749, 4750). Radial and vertical loads were applied
simultaneously by three hydraulic cylinders. 7Two were acting on the
opposite ends of one tension loop package (double arm); the third was
loading one lug of the same arm vertically. |he hydraulic power was pro-
vided by the pressure system of WRD's high-pressure test facility. A
schematic of the test system is shown in Figure 23, and the hub installed
in the test fixture is presented in Figure 24. The instrumentation for
deflection reading is visible in Figure 25.

In order to acquire as much information as possible on the structural

characteristics of the composite hub, both static and fatigue tests were
conducted., The original test plan had the following schedule:

Hub No. 1

Static loading to failure
Hub No. 2 - Cycling at high stress level up to 1 x 10° cycles
- Cycling at low stress level up to 1 x 10° cycles

- Static loading to failure
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For reasons described later, this test plan was modified as follows:

Hub No, 1 - Cycling at low stress level

Hub No., 2 - Cycling at high stress level

- Static loading to failure

During the tests,advantage was taken of the multiple test capability of
one hub, This was possible as a result of the selected test method by
which only one pair of hub arms was subjected to test loads. Therefore,
each hub could provide three independent tests, thus increasing the

confidence level without significantly increasing the test expenses,

Static Test on Hub No., 1

The first pair of arms of the prototype hub no. 1 was instrumented
by six strain gages, as shown in Figure 26. 'The strain gages were
numbered in accordance with the numbers of the llewlett-Packard
recording channels. Since channels 1 and 2 were recording the pres-
sure in the horizontal and vertical cylinders, respectively, the
remaining channel numbers for the strain gages were 3 through 8.

The intent of these strain gages was to record deformations of the
following hub components:

GCage 3 - Lower panel, tension
Gage 4 - Loop package, shear

Gage 5 - loop lug, tension

Gage 6 - Upper cover, shear

Gage 7/ - Upper cover, compression
GCage 8 - Loop package, tension

The radial and vertical detlections of a selected reference point at
the hub lug were recorded by dial indicators. After checkout of
svstem functions, the first prototype hub was loaded in accordance
with condition TW 7F2. The ratio of the horizontal and vertical
loads 1is a constant factor of 1.5073, This proportionality was
marked on the Moseley 135 control panel and maintained by manually
adjusting the pressure loads in the horizontal and vertical cylin-
ders. It was the intent to load the hub to failure or to 3200 psi
line pressure, whichever was less. The 3200 psi limit was dictated
by the safety of the test equipment.

By adhering to the original test plan, the hub was statically loaded

with the expectation that the following design loads would be
reached prior to failure:
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Horizontal Vertical
Limit, 1b 55,110 36,560
Ultimate, 1b 82,665 54,840

With increasing load, the hub produced low cracking noises, which are
typical during testing of fihrous composites. The test was inter-
rupted when a very loud cracking occurred, At this instant the hub
arm supported 38,956 1lb horizontally and 25,701 1b vertically.
Inspection revealed an adhesive shear failure on the tension side of
the hub arm between the lower plate and the shear box surfaces,

which was visible by cracks developed on both sides of the test arm.

Analvtical comparison of the design stress analysis and strain gage
reading showed good correlation of the strain levels, but indicated

a bond failure at significantly lower shear stress level than ex-
pected based on specimen testing. Inspection of these particular
bonded joints on all six arms of the two hubs indicated a possibility
of inadequate bond quality, mainly due to poor matching of the adja-
cent surfaces of the shear boxes and the lower plates. The reasons
were finally traced to the design and fabrication approach by which
the surface of the lower plate became uneven. As a result,the shear
load transfer hetween plate and box was irregular, the plate over-
loaded, and the hond was inadequatce to resist the shear stresses.
This reasoning was suppcrted by the strain gage records shown graphi-
cally in Figure 27. The graph shows that the development of strain
with increased load was normal and followed a generally linear pat-
tern without 2.y major irregularities that could indicate more basic
structural deficiencies. Gage no. 3, which was attached to the lower
ranel, was very uniform but had tihe largest strain value.

0f interest also were the defleci.ion measurements by a horizontal and
a vertical dial indicator. They are plotted in Figure 28. They
indicate that, compared with the tested deflection values of the
titanium hub, the radial stiffness of the composite hub was higher.
The relative vertical stiffness was higher at low strain levels but
lower at higher stress levels, probably due to the earlier outlined
shear limitation of composite materials.

Joint Correction

Siuce the potential structural deficiency of all bonded joints
between the lower plate and the boxes would limit the structural
evaluation of the prototype hubs, the Project Officer approved

rework of the joint by which an improvement of the shear transfer was
to be achieved, After reviewing several possibilities for torrective
actions and relating them to the remaining funds, it was concluded
that the only possible correction could be implemented on hub no. 2,
to which the upper cover plates had not yet been bonded and where,
therefore, access to the internal flange of the shear box was
available,

45



1 way ‘7T qny ‘JuswdolaAd( uteals /g dand1i
AR e
| R R B I [ e R BT T CT T S R R R PR :
............. .s e iAoy Rl t —} oo sl Soled eiialod : . H
0007 L0009 T ooo.n 000" % 000" € 000°2 000°T1
1 [ 4 | ¥ i | .-\ T T 0 e
i i
- - .- - .m.: - f - :\\L,.‘u-ﬂ e
4 ! ; |
e
Treat .1"';  E2098 £er= Simes prats b=y 0001 ———
i l.. !

i (uns .:uuumi"‘..H

v
\
i
|

A T SO RN LR AR R S e

t . g lnox afen

: . i.l...
{
i i
] i
i ) bch s SR L
|
!
i
{21
Iogie
ey i
!
i
i i
{ { H
| ; foes Ji i
| :
auteaksl X af s o (RSt LRI e e R G

TR oy a%eg

Vb. u.l:f....”.iIIu
9 ~oy 8%en e B :

Q

(]

o

-

"

o
1032DA =

fams

i
i
Wi |

(]
Q
o
~
n
o
q1

0000 ——

\

46




*ju10g 22uaiaIay qny JO uoTID3TIAA

-8z @an313

sayouy ‘uor3d1Iad

1 (]2 T oc” 18 o1 So°
I L T ' v ! !
12333134 _

1 wmay ‘1 qny 33180dWo)

~_(LE*BTI°I3N)
TS—1ed1313A

Z way g qny ?3¥sodwo)

—1EDF3I9A
miy qny UNTUEIEL

(ieTpel) [ejuoziaoy

~1e9§319a
7 way ‘1 qug 237s0dwo)

wiy qny mnfuedITl-s |
1 may ‘1 qny @3Tsodmon-

-

<

wmay ‘1 qny 23Tsodwmop-

/

000°1

005°1

000°2

18d ¢2anssaiyg

47



The correction was made by reinforcing the bond between the flanges
of the shear box and the lower plate by means of bolts and outside
doublers. It was further concluded that this modification did not
represent a design change but only a necessary fix to compensate for
poor-quality bond and that a better bond could be achieved by changes
of the adhesive system and fabrication procedures to be implemented
on any future hubs, The reinforced joint is shown in Figure 29. The
related stress analysis begins on page 215 (sheet 141 of Appendix 1).

This correction was incorporated only on those three arms of hub

no. 2 which were expected to be tested under vertical loads. Prior
to installation of the bolts, additional adhesive was injected into
the bond line. The reinforcement of the armg is shown in Figure 30,

The above decision resulted in having to test one hub with a reduced
struccural integrity and the other with an improved structural
integrity. Therefore,the original test plan was modified as
follows:

Hub No. 1 - Fatigue test, low stress/high cycle. After
completion of required 1 x 10° cycles, or after failure prior
to achieving them, the hub shall be loaded to static ultimate
until failure or until limitation of test equipment is reached.
Should the hub fail prematurely under cyclic vertical load, the
tension loops shall be loaded to failure or to equipment
limitation,

Hub No. 2 - (a) Fatigue tesf, high stress/low cycle, con-
ducted on ore arm up to 1 x 10 cycles; (b) static loading to
failure or to equipment capability, conducted on a different
arm; (c¢) fatigue test, low stress/high cycle, conducted on a
third arm. This latter test was to be considered ouZy if the
required time under load (278 hours) of the first hub was sig-
nificantly reduced due to premature tailure,

low Stress/High Cvcle Test on Ilub No. 1

A second pair of arms was strain gaged as shown in Figure 26,and dial
indicators were installed as before. To check out the system and

the reaction of the hub, a low-stress test was first conducted in
which the horizontal load was increased to 13,000 1b and the vertical
to 8,630 1b, The vertical load was then dropped to zero, maintaining
the horizontal load. After this, the horizontal load was also
removed. With the exception of very low level cracking noises, no
sounds were audible. The hub was then tested to the maximum low-
stress-cycle load. The load was applied at a constant ratio until
43,300 1b horizontally and 17,260 1b vertically were reached. Then,
by maintaining the horizontal load, the vertical load was manually
cycled three times from maximum to zero., During the first ecycle the
hub developed some low-level cracking noises. 1n the following
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cycles the hub remained quiet, indicating that some peak stresses had
been relieved., Finally, the automatic cycling s;:stem was connected
and the prescribed loads were applied. Under this \oad condition the
horizontal load remained constant at 43,300 1b and the vertical load
was cycled between +17,260 1b (up) and -5,780 1b (down). The dura-
tion of one cycle was dictated by equipment capability and was deter-
mined to be one cycle per 8 seconds.

In the original test plan,an assumption was made that a cycling

speed of one cycle per second would be possible., The test plan also
had the provision that in case the duration of one cycle was

longer, the number of cycles could be reduced; however, the total time
under load should remain identical to that of the test plan., As the
actual cycle duration was 8 seconds, the total number of cycles for
the low-stress load condition was modified to 125,000 under this pro-
vision of the test plan. This was equivalent to a total of 278 hours
under load. The actual duration of the test effort was close to

420 hours, which included interruption of cycling, downtime for
equipment maintenance, and correction of some test equipment problems
that were detected early during the test. After completion of the
cvcle test, the hub arm was loaded to fail statically, Failure
occurred at 737 of limit load. "The mode of failure and the proktable
cause were the same as described previously (p. 43). In accordance
with the modified test plan, the hub was then loaded only radially,
without any sigu of failure. After reaching the ultimate load, the
pressure was held for 3 minutes. "The test was discontinued after a
3200-psi pressure (test equipment limitation) was reached. At this
point the hub withstood 1237 of the ultimate static design load.
Deflection readings are plotted in Figure 2&; strain gage readings,
in Figures 31 and 32,

The hub arm was then again subjected to the combined radial and
vertical load. At 1000 psi vertical cylinder pressure (23,355 1b or
approximately 63/ of limit load), the test was discontinued due to
excessive vertical deformation ol the hub arm,

Strain gage readings were taken at the beginning of the test and
then aL longer intervals during the test. Tt was expected that the
repeated loading would cause some reduction of the composite modulus
of elasticity and therefore some increases in straia wich increasing
number of cycles. The strain gage readings are plotted in Figure 31
for gage nos. 3, 6, 7, and 8 after completion of the following cvcle
nos: &4, 18,5200, 50,000, 100,000, and 125,000. Zxamination of
curves in Figure 31 did not reveal the expected trend. On

the contrary, the strain gage behavior appears to be random, and
some readings indicate a smaller total strain at large cycle numbers
than at small cycle numbers., In order to find a strain pattern, the
maximum strain reading wes plotted as a function of the completed
cvcles. This relationship is presented in Figure 32 for three
selected strain gages: nos. 3, 7, and 8, As shown in Figure 26,
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these strain gages are located on the bottom plate (no. 3), on the
top plate (no. 7), and close to the neutral axis (no., 8). When the
maximum up-load was applied, it was expected that the predominant
strain would be es follows:

Gage no. 3 - large tensile strain values
Gage no. 7 - compression strain values
Gage no. 8 - small strain values

The curves in Figure 32 confirm these expectations but show also an
unexpected fluctuating pattern. This pattern shows that with in-
creasing cycle numbers,the magnitude of the maximum tension strain
decreases or increases as the compressive strain increases and
decreases such that the total strain magnitude (tension plus compres-
sion) remains essentiglly constant. This absolute strain value for
the three gages Js approximately

Gage no. 3 - .00300 in./in.
Gage no., 7 - ,00065 in./in.
Gage no. 8 - .00015 in./in.

The reason for this behavior is unexplained; however, the pattern
indicates a cyclic shifting of the neutral axis, which may be caused
by stiffness changes within the composite structure. 1t should be
noted that gage no. 3 recorded a marked increase in compressive
strain (upper plate) at high cycle numbers in spite of the constantly
present radial tension load. This may confirm that the structure is
critical for vertical loads, and if the test had continued,

the hub might have failed at higher cycle numbers in compression.

iigh Stress/Tow Cycle Test on Hub .o, 2

Initial high stress/low cycle tests were conducted on one arm ot hub
no. 2 by manual control. 1In accordance with the test load requive-
ments, the loads were applied at a radial to vertical ratio of 1.5 :1.
During the first cycle, the hub developed some cracking noises which
disappesred during subsequent cycles., Atter completion of

manuall, operated cycles, the system was programmed for automatic
cycling. In order to simplify pressure control and to assure that
the maximum radial load was reached simultaneously with the maximum
vertical load, the system was pressurized by one pressure source.
Therefore, the ratio between .he radial and vertical loads was con-
trolled by the ratio of the piston area of the hvdraulic cylinders.
This ratio deviated somewhat from tae 1.5 : 1 desired and was
actually 1.34 : 1. sSince the vertical load was considered tihe most
critical, its magnitude was kept as required by the test plan,
namely, 36,500 1b limit. The radial load was reduced from 55,120 1b
to 49,135 1b. This slight reduction of the radial load was believed
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not to affect the verification of the structural adequacy of the hub
because the tension loops of the hub structure which support this
load have a very large safety factor against failure. The cyclic
duration was 15 seconds from zero 3oad to maximum and back to zero.
After 170 cycles, the hub started to develop some cracking noises
which increased in their intensity. The cycle test was terminated
after completion of 186 cycles, at which time the lower plate laminate
failed by tear-out at the most inward bolts of the aluminum doublers.
This failure is shown in Figure 33. During the high stress cyclic
test, readings of the maximum vertical hub arm deflection were taken
periodically. The recorded values are plotted in Figure 34, They
show that the deflection increased progressively with the number of
cycles from 0.36 inch at the beginning of the test to 0.57 inch at
186 cycles, when the reading was taken just prior to failure after

the 188th cycle.

Static Ultimate Test on lub No. 2

This test was conducted on a second pair of arms of hub no. 2 which
were not affected by the failure of the high-stress-cycle test. This
arm was strain gaged similar to hub no. 1, except that gage no. 3 was
placed 2.20 inches from the edge and not 0.63 inch as shown in

Figure 26. The load was applied by manval control of the pressures
for the radial and vertical cylinders so that the required radial to
vertical load ratio of 1.5:1 was kept constant., The load was
applied in 107 increments of the ultimate design load per pressure
schedule listed in Table VI,

During the test,the following types of parameters were recorded or
observed:

o Pressures in the vertical and horizontal cylinders

¢ Vertical and horizontal deflection of the reference point
e Strain at six locations

®* Cracking noise intensity

e Visible changes

The noise intensity was arbitrarily defined by

A - low
B - medium
C - severe
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Figure 33. Hub No. 2, High-Stress
Cycle Failure.




7.

*SuoyT32913a( [eoT3I12) wnuwixely andrieg ssals-ydiy

‘H¢ 2an314

——— =S .
R e il sapaky - s soo ($9a o oe aiis  soss &  saboo :
0S1 coT c¢
4 0
: [O nIIA
S R - =N S B P N o o A, S oo o pc et e Doo o - 01°0
. foe Lo :
————— e e e e e —_—— .- - —————— —_— e e e e e e e et e e e o e _ e e e - —_— e ——— e . ﬁON-O
e — i = e [
e e S 0 10#.0__
N SR ) | SRS gt 06" 0
- O T O S L e— 0970

2duT ‘uof3dafjyaqg 1951113A

w

57



.

TABLE VI. TEST PRESSURE SCHEDULE

Vertical Horizontal

Increment % Ultimate (psi) (1b)  (psi) (1b)
(1 10 234 5480 263 8267
(2) 20 468 10960 526 16534
3) 30 702 16440 789 24801
%) 40 936 21920 1052 33068
(5) 50 1170 27400 1315 41335
(6) 60 1404 32880 1578 49602
(7 70 1638 38360 1841 57869
(8) 80 1872 43840 2104 66136
9) 90 2106 49320 2367 74403
(10) 100 2340 54800 2630

82670
—
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The followdng observations were made as the load was increased from one
increment to the next:

1. none
2. noise intensity A
3. noise intensity B

4, noise intensity B; resin crack in corners between tested and
ad jucent arms

5. nolse intensity C; resin crack in corners opens up and progresses
vertically

6. noise intensity C; progressive crack growth

7. noise intensity (; vertical crack in corners 0.10 inch wide;
aluminam doubler end sheared from lower plate and moved 0.J5 inch

8. noise intensity C, vertical crack in corners opens up at tae
bottom approximately 0.20 inch; aluminum doubler shears from
lower plate approximately 0,15 inch; lower plate fails in
tension-shear locally at the ends of the aluminum doubler
(see Figures 35 and 36)

After this failure, the vertical load capacity was exhausted, and the pres-
sure level in the vertical cylinder dropped to increment no. 6 (32,880 1b).
The pressure was blocked in the vertical cylinder at this level, and the
load in the radial direction was increased to ultimate design load with

the following observations at increments:

7. none

8. none

9. noise intensity A, coming from the failed area corners

10, noise intensity C, coming from the failed area corners
Testing was discontinued after the ultimate load was reached in the radial
direction. At this instant,the hub arm had supported 82,670 1b radially
and 33,879 1b vertically in spite of the failure that occurred at pres-
sure {ucrement no. 8.
Figure 37 represents the deflections of the reference points. At failure
load, the vertical deflection was 0.976 inch and remained as permanent set
after the loads were returned to zero. The radial deflection was

initially very small and even negative, probably due to the large vertical
deformation. Tt increased, however, after pressure increment no. 7 and
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reached & maximum value of 0.089 inch. The permanent set {u the radial

4 rection was only 0.055 inch. The strain gage behavior is shown in
Figure 38. The strain development was normal up to 40,000 1b resultant
(vector sum) load, which corresponds to the end of the fourth pressure
increment., At this point (which coincided with observed resin cracks in
the hub corners) a strain arrangement took place, and most gages behaved
nonlinearly up to the partial failure after increment no., 8 was reached.
The gages then behaved erratically, but continued to record strain during
load increase in the radial direction. It should be noted that gage no. 4
(diagonal shear) dropped out at pressure increment no. 5. A possible
reagson is seen in debonding of the gage from the side surface of the hub
arm. It should further be noted that gage no. 3 showed the largest strain
and was essentially linear up to the failure load. 1In this respect it
behaved very similar to gage no. 3 of the first hub (see Figure 27).
Strangely enough, it recorded less stiffness of the structure than that of
the first hub, The first hub gage no. 3 is also plotted in Yi{gurec 38 for
comparison purposes. Explanations may be sought in the difference of this
regspective location (distance from the arm edge).
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CONCLUSIONS

Whittaker R&D has conceived a novel design of a large helicopter rotor hub
using fiber reinforced plastic. A structural analysis for selected load
conditions was prepared, and two hubs were constructed and ground tested.
The experience gained in conducting this program is a valuable asset for
any further improvement and development of composite helicopter rotor hubs.
This experience with the present design leads to the following principal
conclusions:

1.

2.

It is feasible to construct helicopter rotor hubs from fibrous
composite materials without any limitation of the hub size.

The filament-wound loops are very reliable and effective elements
for resisting centrifugal (radial) forces. The radial elongation
under load can be kept equal to or less than the elongation of a
hub made from titanium metal,

The resistance to vertical (1ift) forces of the present hub design
is not adequate, and concepts should be sought to improve strength
and decrease deflection.

The centrifugal and vertical loads are taken by different material
components which are optimized for tension and for shear,
respectively. This results in increased weight if compared with

a metal hub, where those loads are carried by the same homogenous
material, However, the relative weight penalty will probably
decrease with increasing hub sizes.

The present design of some details resulted in assembly operations
which seemed to be excessively time-consuming. Such operations
were the layup of the shear boxes and the fit of the shear tapes
between the loops and the shear boxes. A number of details, such
as wound loops and molded spacers, required rework to provide a
better fit in assembly.

The resin system and the adhesive material to be used should not
be of the brittle type. They should be tough and peel resistant
at an adequate pot life to permit a single cure of the total
assembly, especially for better resistance to cyclic loads.

Attention should be given to detail design to avoid strain incom-
patibility and difficult fitting operations at assembly. For
increased reliability, introduction of loads into the hub struc-
ture should not depend on adhesive strength only but utilize help
by positive mechanical devices.
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10.

11.

When the presently recognized design problems have been worked
out, the composite hub will not be difficult to fabricate by using
adequate production-type tooling and manufacturing methods.

Since the composite design consists of prefabricated elements
which can be individually inspected for quality, the overall
reliability of the composite hub should be high.

The multiple load path, which is typical for fibrous composite
structures, offers a high ballistic tolerance and fall-safe
characteristics. Tests conducted with the prototype hubs have
deronstrated that even after failure, a significant load-carrying
capability remains.

Based on the cost for fabrication and materials of the prototype
hubs of the present design,it is estimated that the cost of hubs
in production quantities (90% learning curve) will be
approximately:

100 - $13,000 each
500 - $11,300 each
1000 - $10,90C each

This compares favorably with the reported cost of the present
titanium hub of $15,000. Design and fabrication improvements may
reduce the price even more.

65



RECOMMENDATIONS

It is recommended that an engineering development and testing program be
conducted for design optimization of the composite helicopter rotor hub
and for its evaluation under flight conditions. In particular, the
following tasks should be carried out.

1’

The present composite hub should be redesigned to eliminate recog-
nized deficiencies and to implement structural improvements.,

a.

The transfer of the vertical shear load should be improved and
the shear deflection minimized by improving the shear load
transfer from the shear box to the hub center, and by possible
addition of exterior shear webs. For improved shear stiffness,
material other than glass fiber composites, such as graphite
fiber composites or thin metallic webs, should be considered.

The hub center section should be designed for a more reliable
torque transfer and strain compatible transfer of tension
between the opposite hub arms and crossing tension loops of
adjacent arms, The introduction of shear and bending loads
from the individual arms to the hub center section should
also be optimized.

The introduction of vertical down-load into the lug should be
accomplished by means of a retention ring similar to the
present bushing flange for introduction of vertical up-loads.

The transfer of shear and bending forces from the lug area
into the shear box and tension loop structure should be
designed to result in improved strain compatibility.

The bending mode of the arm should be closely analyzed, the
effective neutral axis for the critical load conditions deter-
mined, and the design of the top and bottom plates made to
reflect the optimum stress distribution, thus preventing
tension failures of the bottom plate.

The hub design should be made compatible with production manufac-
turing procedures by reducing steps requiring manual labor and
dependence on the skill of the fabricator,

Design of all tools should be based on production principles,
reproducibility of components, and lowest possible fabrica-
tion cost.

In several instances the design must be subordinated to ease

and reliability of production. This would include also the
aroduction-oriented selection of resin binders and adhesives.
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Great care shouldbe taken to produce accurate mating surfaces
required for reliable bonding at assembly with no or minimum
assembly £1it work.

The fabrication time of the shear boxes should be drastically
reduced by design moditication 8s well as by selection of
materials and of manufacturing methods. An automated or a
semiautomated laminating and molding process should be
considered.

The material cost of the shear tapes and the labor involved
for their assembly into the hub structure is relatively high.
Therefore,design and material changes should be considered.

The cost of unidirectional glass fiber tape is high (approxi-
mately 507 of all nonmetallic materials). Also high is the
cost of the metallic hub center (647 of all metallic parts).
Therefore,a material substitution should be investigated and
the geometric complexity of the hub center eliminated.
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APPENDIX 1
STRESS ANALYSIS

This appendix includes the following items:

Discussion
Allowable Stresses
Minimum Margins of Safety
Loads - Condition TW 7F2, Sheet No. 1
Bending Stress - Section A-A, Sheet No. 4
Shear Stress - Section A-A, Sheet No. 16
Loads - Condition TW 7F1, Sheet No. 25
Bending Stress - Secti~r A-A, Sheet Ho. 30
Shear Stress - Seciica ~A-A, Sheet No. 35
Section Properties - Section B-B, sheet No. 41
dending Stress - Section B-B, Sheet No. 45
Shear Stress - Section B-B, Sheet No. 52
Loads - Condition TW 7F2 - Revised Bearing CGeometry, Sheet No. 62
Combined Stress in Filament Wound Lug Straps, Sheet No. 63
Fatigue Loads, Sheet No. 66
Summary - Fatigue loads, Sheet No. 76
Fatigue Stress - Filamcur Wound Lug Straps, Sheet No. 77
Fatigue Allowable Stresses - Teusion at 0° to Fibers, Sheet No. 86
Fatigue Life - Lug Strap at 0° to Fibers, Sheet No. 92
Fatigue Allowable Stresses - Compression at 90" to Fibers, Sheet No.93
Fatigue Life - Lug Strap at 90° to Fibers, Sheet No. 98
Fatigue Stress in Shear at Section B-B, Sheet No. 99
Fatigue Allowable Stresses - Shear, Sheet No. 101
Fatigue Life - Shear, Sheet No. 106
Addendum Discussion, Sheet No. 108
Revised Section Properties - Section A-A, Sheet No. 109
Revised Section Properties - Section B-B, 5heet No. 113
Stresses - Section A-A, Sheet No. 120
Stresses - Section B-B, Sheet No. 126
Fatigue Stress in Shear at Section B-B, Sheet No, 129
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Cruise Condition Fatigue Life - Shear, Sheet No, 136
"GAG" Condition Fatigue Life - Shear, Sheet Nos. 138 and 140
Revised Attachment, Sheet 141

DISCUSSION

The composite helicopter rotor hub is analyzed for fhe.loads specified in
Whittaker Research and Development Report SDE-72-2. 13] Both static and
fatigue loading conditions are considered.

Two cross sections of the hub arm are analyzed for shear, moment, and axial
loads. Section A-A (see page 78) 1is located 10.9 inches outboard of the
hub center line. Section B-B (see page 115) 18 located 19.9 inches out-
board of the hub center line. The filament-wound straps, which encircle
the bearings at the vertical hinge 24 inches outboard of the hub center
line, are analyzed for tangential and radial strfsses by the methods
developed in USAAVLABS Technical Report 69-25.L2 2

In the latest design concept, the bearing geometry was revised. Bearing "A"
(see page 135) is now located on top. This design change decreases the
magnitude of Ry and decreases bending moments in the hub arms. The

stress analysis prior to nage 135 is not corrected for the revised bearing
geometry and 1s therefore conservative, The stress analysis following

page 135 includes the effects of the bearing geometry change.,

In the course of prototype fabrication, some design changes were made to
accommodate fabricatjion processes. An addendum to the stress analysis,
beginning on page 182, was written to examine the effect of these design
changes on hub stresses. The addendum also includes the analysis for a
low-cycle, high-stress fatigue regime,

ALLOWABLE STRESSES

The allowable stresses for the 1581 E-glass/epoxy laminates are obtained
from MIL-HDBK-17.13) These allowable stresses are multiplied by a 0.9 heat
factor to account for possible structural temperatures of 160°F, Allow-
able stresses for the filament-wound S-glass laminates and for the
Scotchply S-glass unidi-ectional laminates are assumed to be:

0° to Fiber, F,, = 180,000 psi at 160°F

90° to Fiber, F, = 25,000 psi at 160°F
Subsequent testing of filament-wound strap test specimens at Whittaker R&D
gave much higher values for allowable stresses than those values shown

above. The interaction equation at failure (Reference USAAVLABS Technical
Report 69-25.2)) is
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where O, = Applied Radial Compression Stress

Og = Applied Tangential Tensile Stress
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F°90° = Allowable Radial Compression Stress

Op* a
6 Ftuoo = Allowable Tangential Tensile Stress

By substituting values for the test failure load and test specimen
geometry into the interaction equation and assuming that Or*/Ue =
25,000/180,000 , calculated allowable stresses are

F = 328,500 psi

tUOO

F°90° = 45,600 psi

Although these calculated allowables are based on a minimum value from
three test specimens, these allowable stresses were not used. The values
assumed on page 71 were used in this report. As a result, an additional
margin of safety exists on the unidirectional S-glass structure above that
shown in this report.

Adhesive bond allowable shear stress is based on Whittaker R&D test data:

-~

Fg = 6,500 psi



TABLE VII, MINIMUM MARGINS OF SAFETY AS CALCULATED
Load Type of Sheet Page
location Item Condition Stress M.S. No. No.
ORIGINAL CROSS SECTIONS
Section A-A Lower ™ 7F2 Tensile +0.13 12 84
Plate
Section A-A Upper W 7F2 Compression +0.13 15 87
Plate Buckling i
Section A-A Web (d TW 7F2 Shear +0.18 17 89
N.A. j
[
Section A-A Upper ™™ 7F2 Shear +0.018 23 95 y
Plate |
Section A-A  Lower TW 7F2  Shear +0.11 24 96 3
Plate i
Section A-A Upper W 7F1 Shear +0.024 39 111
Plate
Section B-B Lower W 7F2 Tensile +0.06 48 120
Plate
Section B-B Upper ™W 7F2 Compression +0.10 51 123
Plate Buckling
Section B-B Web @ TW 7F2 Shear +).06 53 125
N.A, ~ !
A
Se.t on B-B Upper W 7F2 Shear +0.09 59 131 ]
Plate 3
Lug Upper TW 7F2 Combined +0.65 65 137
Strap Tangential
and Radial
REVISED CROSS SECTIONS AND BEARING GEOMETRY 1
Section A-A Lower T™W 7F2 Tensile +0.46 120 192
Plate .
1
Section A-A Upper W 7F2 Compression +0.87 121 193 b
Plate Buckling .
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TABLE VII - Continued

Load Type of Sheet Page

Location Item Condition Stress M.S. No . No.

REVISED CROSS SECTIONS AND BEARING GEOMETRY - Continued

Section A-A Upper TW 7F2 Shear +0.21 122 194
Plate
Sect ion B-B Lower TW 7F2 Tensile +1.16 126 198
Plate
Section B-B Web @ W 7F2 Shear +0.68 128 200
N.A,
NOTE: OCn the following hand-written pages of this appendix the stress

analyst made numerous references to other page numbers of the
appendix. These page numbers, however, refer to the sheet numbers
in the lower right-hand box of each page, and not to the report
page number at the bottom center.
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